Abstract -The effect of the partial pressure of acetylene on the height of carbon nanotube films synthesized by the water-assisted CVD (WA-CVD) was studied. Initially, Fe (2 nm)/Al2O3(15 nm) bilayers were deposited onto a silicon substrate and subjected to the WA-CVD to grow carbon nanotubes. The growth was carried out at 800
Introduction. -The tailoring of the height of carbon nanotubes (CNTs) is of interest from the point of view of their technological applications and basic science. For some applications, the height of CNT films synthesized by the chemical vapor deposition (CVD) can be increased or decreased by controlling the processing conditions. The height of CNTs synthesized by the water-assisted CVD [1] is ∼ 2.5 mm, whereas that of CNTs synthesized by the standard CVD [2] varies in the range 10-100 µm. The synthesis of ultra-long, aligned CNTs is of technological importance, because they could be spun into fibers and sheets for lightweight and high-strength material applications [3] . During the CVD synthesis of CNTs, various factors such as the designing of a multi-layer catalyst substrate, the relative levels of feedstock/dilutant, the growth temperature, the reactor pressure, etc., may influence their purity and synthesis efficiency, as well as the lifetime of the catalyst. The introduction of a small and controlled amount of water into the growth ambient (a) E-mail: sppatole@yahoo.com (b) E-mail: jbyoo@skku.edu of standard CVD can increase the synthesis efficiency of CNTs to unprecedented heights [1] . Water, being a weak oxidizer, selectively removes the amorphous carbon deposited at the graphene-catalyst interface and enhances the activity and lifetime of the catalyst [4] . CNTs are considered as an important material for nanostructured composites and other technological applications. A considerable amount of work related to the modification of the height of CNT films, grown by the CVD, has been carried out [5] [6] [7] [8] . The dependence of the CNT height on the catalyst composition and film thickness has been reported [6] . By controlling the level of water in the reaction ambient [7] , brush-like CNT forests with a height of ∼ 7 mm were grown in a period of 12 h. Single-crystal magnesium oxide has been used to obtain 2.2 mm long carbon nanotubes [8] . In this case, it was found that the number of walls can be controlled by adjusting the catalyst film thickness, whereas the height of the nanotubes depends on the gas pressure, temperature and growth time. Most such studies were carried out in an attempt to optimize the CVD conditions in order to synthesize CNTs with increased height [9, 10] . In general, little attention has been 38002-p1 paid to the synthesis of CNT films whose thickness is in the range of a few hundred nm to a few mm. From the point of view of technological advances, it is of interest to tailor the height of CNTs in order to obtain significant advantages in terms of their electronic and optical properties, without sacrificing their mechanical properties. In this letter, we report the successful tuning of the height of a CNT film from 800 ± 15 nm to 1.4 ± 0.002 mm by controlling the partial pressure of the acetylene feedstock. The synthesized nanotubes were thin multiwall carbon nanotubes (t-MWCNTs), which were densely packed, vertically aligned and typically 5-7 nm in diameter. The obtained film can be synthesized on a large-scale area ∼ 3 × 4 cm 2 substrate.
Experimental. -After chemical cleaning, an n-type Si(100) wafer (thickness ∼ 450 µm with native oxide layer (SiO 2 ) ∼ 2 nm) was subjected to different deposition processes to obtain various multi-layers. To obtain a ∼ 15 nm thick Al layer, the samples were subjected to the electron beam (e-beam) evaporation with a deposition rate of ∼ 0.1-0.2Å s −1 for a period of 30 min. Moreover, to obtain Al 2 O 3 layers with a thickness of ∼ 15 nm, a few Al/SiO 2 /Si samples were subjected to thermal oxidation for a period of one hour. An Fe catalyst layer with a thickness of ∼ 2 nm was deposited on Al 2 O 3 /SiO 2 /Si samples by the e-beam evaporation. The Fe deposition process was carried out in an identical fashion to that described above. To avoid surface oxidation and contamination, the prepared samples were kept under dry conditions in a high-vacuum chamber maintained at ∼ 10 −6 torr. Two such wafers were prepared and kept ready for the experiments. One of the wafers was cut into 5 × 5 mm 2 samples and used to synthesize the CNTs. Three samples at a time were mounted onto a quartz plate and shuttled into the reactor. The reactor was closed and evacuated to a base pressure of ∼ 0.84 torr. The temperature of the reactor was ramped up at 200
• C/min to 800 • C and the growth of the CNTs was carried out for 10 min. A fast-heating process was utilized to accommodate the large number of samples. The gas flow meters were calibrated for the feedstock (acetylene), dilutant (argon) and water carrier (argon) gas. The total flow of the acetylene/argon mixture was kept constant (100%) and the acetylene flow was varied from 5% to 95%. In order to keep the relationship linear, for 1% of acetylene, the flow rate was 5 sccm, and 95% of acetylene corresponds to 475 sccm. During all of the experiments, the flow rate of the water carrier gas was kept constant at 150 sccm. After removing them from the reactor, the samples were subjected to scanning electron microscopy (SEM JEOL JSM6700F). The height of the samples was measured at various places and the average height was estimated.
The CNT samples, which were synthesized at partial pressures of acetylene of 5%, 40%, and 95%, are designated as S B , S C , and S D , respectively. The as-prepared virgin substrates are designated as S A . The CNT forest grown on the surface of the substrate can be easily removed using a razor blade or tweezers. The nanotubes are grown in the tip growth mode, so the surface states of the catalyst as well as the carbon-ironaluminum phases present on the surface were studied using X-ray photoelectron spectroscopy (XPS). A few S A and all of the S B-D samples were characterized by an ESCA 2000 spectrometer, using an Mg K α (1253.6 eV) or Al K α (1286.6 eV) X-ray source with a beam power of ∼ 200 watts. The resolution function of the instrument was found to be 0.35 eV. The conditions used for all of the surveys were as follows: energy range = 0-1100 eV, pass energy = 100 eV, step size = 0.7 eV, sweep time = 120 s and X-ray spot size = 700 × 400 µm 2 . All of the samples were loaded into the XPS chamber and the system chamber was evacuated to a base pressure of ∼ 10 −9 torr. One sample at a time was exposed to the X-ray beam and, for each sample, survey and high-resolution scans were recorded. For the high-resolution scans of the O-1s, Al-2p, and C-1s peaks, an energy range of 20-40 eV was used, depending on the peak being examined, with a pass energy of 20 eV and step size of 0.05 eV. Furthermore, the CNTs removed from the substrates were subjected to highresolution transmission electron microscopy (HRTEM JEOL 300 kV) to explore their structural properties.
Results. - Figure 1 shows the variation in the height of the CNT films synthesized by the WA-CVD with the partial pressure of acetylene. Figure 2 shows the Fe-2p XPS spectra recorded for the (a) S A , virgin, and (b)-(d) S B-D samples, in which the CNT films were grown at different partial pressure of acetylene. Table 1 
is a summary of the deconvolution of the O-1s, Al-2p, and C-1s peaks from the survey scans for samples S A , S B , S C , and S D , respectively. Three typical SEM micrographs are shown in fig. 3 , in which the CNT films were grown on the (a) S B , (b) S C and (c) S D substrates. Figure 4 shows the recorded SEM image for patterned CNT growth. Discussion. -One can see from fig. 1 that the height of the CNT film is 800 ± 15 nm for an acetylene flow of 5% and increases sequentially with increasing acetylene flow. The resonance condition was observed for an acetylene flow of 40%, at which the height of the CNT forest is 1.4 ± 0.002 mm. Thereafter, the height is observed to decrease with increasing acetylene flow. It seems that in the lower regime of acetylene flow, oxidation is predominant, whereas in the higher regime of acetylene flow, excess carbonization hinders the growth rate of the CNTs. However, the optimum condition was observed for an acetylene flow of 40%. This hypothesis was examined further by studying the surface of the samples using XPS. Furthermore, the obtained nanotubes are densely packed, vertically aligned and look like black cake on the substrate. The collected XPS spectra were analyzed using Peak Fit 6.0 software. All of the spectra were calibrated using the adventitious C-1s peak with a fixed value of 284.8 eV. After calibration, the background from each spectrum was subtracted using a Shirley-type background to remove most of the extrinsic loss structure. The analysis of the high-resolution Fe-2p spectra was carried out by fitting two Shirley backgrounds, one each for the 2p 1/2 and 2p 3/2 envelopes. It can be seen that the spectra of Fe-2p are split into the 2p 3/2 and 2p 1/2 peaks, due to the 2p spin-orbit interactions. For sample (a), 2p 3/2 is observed at ∼ 710.2 eV and 2p 1/2 at ∼ 723.7 eV, which could be attributed to the formation of a native oxide layer (FeO) for the virgin sample. In addition, a distinct shallow Fe 3+ satellite peak is observed at ∼ 717.8 eV for sample (a), due to the charge-transfer process between the Fe 2+ and Fe 3+ species, which indicates the formation of oxide states and is consistent with the Fe-O surface states observed for the main Fe-p 3/2 peak. The main peak corresponds to the well-screened 2p 5 3d 6 L finalstate configuration, while the shallow peak corresponds to the poorly screened 2p 5 3d 5 final-state configuration (L denotes a ligand hole) [11, 12] . The p 3/2 as well as p 1/2 peaks gradually shift towards the higher binding energy direction, which shows the change in the electrostatic potential at the Fe sites on the surfaces. For samples (a) to (c), the Fe-2p 3/2 peak is shifted from ∼ 710.2 eV to ∼ 712.3 eV. The peak positions for samples (b) and (c) are observed at ∼ 711.4 eV and 712.3 eV, respectively, which indicate the formation of the FeO-OH surface phase for these samples. The presence of hydroxyl species on the surface of the sample indicates the participation of water molecules in the nanotube growth process. This also shows that at a low acetylene content, surface oxidation via hydroxyl cations is predominant. For sample (d), Fe-2p 3/2 is downshifted to ∼ 711.3 eV, which shows the formation of an iron-carbon complex and indicates that at a higher acetylene content the process of carbonization dominates the growth of the CNTs. Furthermore, the Fe-2p 3/2 peak is found to be broadened for samples (b) to (d) by the multiplet splitting involved in the core holes, as well as the valence electrons, and is accompanied by a tail towards the higher binding energy region. The tail is attributed to the metallic state caused by the electron-hole pair excitations. Moreover, the absence of Fe 3+ shake-up for samples (b) to (d) indicates the suppression of the Fe 3+ charge transfer process. Furthermore, for sample (b), a small bump emerged (shown by the arrows) on the tail (at ∼ 716.27 eV), which became more pronounced for sample (c) and split further in the case of sample (d). This feature is attributed to the Fe 2+ satellite peak. The binding energy of this weak feature coincides with the main 2p 3/2 peak in the Fe 2 O 3 spectrum [12] . Therefore, this bump is attributed to the presence of a majority of the Fe 2+ phase in the Fe precipitates. The energy position of this peak indicates that the oxide is mainly formed by the Fe 3+ or Fe 2+ ion species [13] . The Fourier deconvolution of these spectra was carried out and the peak area was estimated using the following equation: where ASF is the atomic sensitivity factor for a particular element. The analysis showed that the concentration of Fe
3+
states decreased from 11.68% to 1.34%, whereas the gross area of the Fe 2+ bump increased from 3.83% to 19.2%, from samples (b) to (d). Thus, the analysis of the Fe-2p XPS spectra indicates that the Fe precipitates are mainly composed of the Fe oxide phase for the virgin sample. On the other hand, for samples (b) to (d), the formation of Fe 2+ shake-up and its multiplet splitting suppresses the oxidation and favors carbonization which, in turn, influences the growth rate and height of the CNTs. This assignment is further supported by the deconvolution of the O-1s, Al-2p, and C-1s peaks, the presence of the characteristics of the oxide phase, namely, the presence of a chemical shift, atomic %, peak broadening, and satellite features. Table 1 shows the variation in the concentration of oxygen, carbon, iron, and aluminum in the surface region of the samples. It can be seen that the concentration of oxygen atoms in the sample increased gradually from 20.33% to 26.15% from samples (a) to (c) and thereafter an abrupt decrease was observed. Simultaneously, the concentration of carbon atoms changed from 2.29% to 2.25% from samples (a) to (c), however, for sample (d) the surface concentration of the carbon atoms is observed to be as high as ∼ 2.99%. This indicates that the process of carbonization dominated at the higher acetylene content. Furthermore, the overall surface concentration of iron atoms is decreased dramatically for samples (b) to (d) from its virgin value of 76.69%, which leads to the conclusion that the Fe atoms have been utilized to grow the CNTs in the tip growth mode. At the optimum condition, a maximum number of Fe atoms have been utilized, which is also supported by the maximum yield of the nanotube film ( fig. 3(b) ). It is interesting to note that the decrease in the surface concentration of Fe atoms is offset by the increase in the amount of Al atoms in the surface region of sample (c). The abrasion of Fe atoms and diffusion of Al atoms into the surface leads to a higher amount of Al.
Furthermore, fig. 3(a) shows the SEM image for the CNT film grown at a lower acetylene partial pressure (5%). The height of the CNT film is 800 ± 15 nm. It can be seen that the CNTs are loosely packed and not aligned perfectly vertically. Provided that the other CVD parameters are well controlled, the growth is highly reproducible. At the optimum condition ( fig. 3(b) ), the height of the CNT film is 1.4 ± 0.002 mm. The ledge of the CNT cake shows that the nanotubes are uniform in height, densely packed and vertically aligned from the substrate. Moreover, this condition is well maintained for the CNT film synthesized at a higher acetylene partial pressure, but the overall height of the film is reduced to 0.77 ± 0.002 mm. The synthesis of a uniform CNT cake indicates that the catalyst sites participating in the growth process have identical activity [14] . However, the overall decrease in the height of the CNT film from the optimum condition showed that the activity of the catalyst film is reduced at a lower as well as higher partial pressure of acetylene. Figure 4 shows the SEM images of the CNTs deposited on a mask pattern. 2 nm Fe was deposited inside the stainless-steel mesh serving as a mask. The top images, (a) and (c), show the morphology of the CNT pillars that were grown. The bottom images, (b) and (d), provide a close-up view of the pillars. It can be seen that the height of the CNT pillars is uniform. To acquire the SEM images, the CNT grown sample was cut into small pieces using a diamond cutter. While doing so, the pillars near the edge of the sample became misaligned, moreover several pillars became folded ( fig. 4(c)) .
To obtain the TEM image, the CNT film was removed from the substrate and mixed with 5 wt% SDS solution. Following this, the solution was stirred for 5 h and centrifuged for about 10 min at 10000 revolutions per minute. The resulting solution showed good dispersion of the CNTs in SDS. The solution was collected into a micropipette and released onto the TEM grid. A large number of samples were prepared and examined by highresolution TEM. One such TEM image recorded for the CNT films grown at the optimum condition is shown in fig. 5(a) . It can be seen that the diameter of the nanotubes is in the range of 5 to 7 nm. The CNTs typically contain 3 to 4 concentric graphene shells and a small amount of amorphous deposits was observed at their outer walls. In addition, the scalability of the CNT films was examined. For this purpose, the other Fe-coated wafer (as mentioned in the experimental section) was cut into four pieces, each with dimensions of ∼ 3 × 4 cm 2 , and one sample was subjected to WA-CVD to grow the CNT film under optimum conditions. Figures 5(b) and (c) show the top and side view photographs recorded using a digital camera, which showed that the height of the CNT film that was grown is uniform. In another study, the growth of the CNT film was carried out for a period of 10 min under optimum conditions on an Fe(2 nm)/Al(15 nm)/SiO 2 (2 nm)/Si substrate. The SEM analysis revealed that the CNT film attained a height of 1.7 ± 0.002 mm. It is interesting to note that no peculiar trend was observed for the height of CNT films grown by the standard CVD (without water) and that the CNT film attained a height of 5 ± 2 µm in each case.
Conclusions. -In summary, the height of the CNT film was tailored from 800 ± 15 nm to 1.4 ± 0.002 mm by controlling the partial pressure of the acetylene gas. The growth was carried out in water ambient and the growth time was kept constant at ∼ 10 min. The diameter of the thin multiwall nanotubes was 5-7 nm and they contained a small amount of amorphous carbon deposits. The observed deviation in the height of the CNT film toward the lower limit is attributed to the domination of oxidation at a lower partial pressure of acetylene, whereas at a higher partial pressure carbonization dominates the growth process. Our XPS analysis supports this finding. The amount of minority oxide phase was larger for the virgin samples, whereas the surface concentration of carbon was larger for the samples synthesized at a partial pressure of acetylene of 95%. The growth properties, in turn, depended critically on the particular partial pressure of the feedstock. Interestingly, the tuning of the partial pressure seems to allow the synthesis of a CNT film with the desired height. Moreover, the height of the CNT film is observed to be uniform at the scalable limit. * * *
